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, Triclosan and antibiotic resistance in Staphylococcus aureus 

! ■ M. T. E. Suller and A. D. Russell* 

Pharmaceutical Microbiology, Welsh School of Pharmacy, Cardiff University, Redwood Building, 

King Edward VII Avenue, Cardiff CF103XF, UK 

Triclosan (2,4,4'-trichloro-2'-hydroxydiphenyl ether) Is an antimicrobial agent used in hygiene 
products, plastics and kltchenware, and for treating methlclllin-resistant Staphylococcus aureus 
(MRS A) outbreaks. S. aureus strains with low-level resistance to triclosan have emerged. It has 
been claimed that strains with decreased susceptibility to biocides may also be less suscep- 
tible to antibiotics. We tested the susceptibility of S. aureus clinical Isolates to triclosan and 
several aritibibtics/Triclosan MICs ranged between^ and 1 mg/L. Some, but not all, strains 
were resistant to several antibiotics and showed low-level triclosan resistance. S. aureus 
mutants with enhanced resistance to triclosan (£1 mg/L) were isolated. In several cases this 
resistance was stably inherited In the absence of triclosan. These mutants were not more 
resistant than the parent strain to several antibiotics. Changes in triclosan MICs associated 
with the acquisition of a plasmld encoding mupirocin resistance were not observed, suggest- 
ing that the triclosan/mupirocin co-resistance seen in a previous study was not the result of a 
single resistance gene or separate genes on the same plasmld. The continuous exposure of 
a triclosan-sensitive S. aureus strain to sub-MIC concentrations of triclosan for 1 month did 
not result in decreased susceptibility to triclosan or to several antibiotics tested. Triclosan- , 
induced potassium leakage and bactericidal effects on a triclosan-sensitive strain, a resistant 
strain and a strain selected for Increased resistance were compared with those of non-growing 
organisms, exponentially growing organisms and organisms in the stationary phase. No 
significant differences between the strains were observed under these conditions despite their 
different MICs. Biocides have multiple target sites and so MICs often do not correlate with bac- 
tericidal activities. The ability of S. aureus to develop resistance to triclosan and the current 
view that triclosan may have a specific target in Escherichia coii, namely enoyl reductase, 
, underline the need for more research on the mechanisms of action and resistance. 

Introduction S aureus strains have emerged that exhibit low-level 

resistance to triclosan. Cookson et al? isolated MRS A 

Triclosan (2,4,4 '-trichloro-2'-hydroxydiphenyl ether) is a strains with MICs of 2—4 mg/L from patients treated with 

; synthetic bisphenol antimicrobial agent, which is active daily triclosan baths; this compares with MICs of 0.01-0.1 

against a wide range of Gram-positive and Gram-negative mg/L for sensitive strains. In a recent study, 7.5% of 

; .bacteria. It is included in many hygiene products, such as S. aureus clinical isolates were found to have triclosan 

. : • soaps and mouthwashes, 1 and is increasingly being incor- MICs of at least 1 mg/L, although differences between 

: porated into a range of items including toys, tea towels and MRS A and methiciliin-susceptible S. aureus (MSSA) 

popping boards. 2 In 1998, it was recommended for the strains were not evident. * Furthermore, Cookson et alJ 

control of methicillin-resistant Staphylococcus aureus found triclosan resistance to be transferable in association 

■'\-^f^./^RSA) 3 after being successfully used to control MRSA with plasmid-mediated mupirocin resistance 

!; : ? Ut ^ rea ^ s m a neonatal nursery 4 and cardiothoracic surgi- . Triclosan has been regarded as a biocide rather than an 

?-'^f^t^' Un ^ tS ancJ to- provide an alternative to expensive van- antibiotic and, as such, has been thought to have numerous 

iMsffity™ administration. 6 intracellular and cytoplasmic target sites. 9 This view has 

♦Corresponding author. Tel: 4-44-2920-874000; Fax: -j- 44-2920-8741 49; E-mail: russclid2@cardiff.ac.uk 
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recently been challenged with evidence that triclosan may 
act on a specific target, the enoyl reductase enzyme, which 
is involved in the synthesis of fatty acids. 10 However, 
McDolirieU "& "Prctzer 1 1 -maintain that, although ^cnoyL 
reductase may be the major target site, triclosan also affects 
other components. If triclosan does act as a specific 
inhibitor, then it is likely that strains with higher levels of 
resistance will emerge, as is the case with antibiotics. To 
date, resistance levels amongst S. aureus appear to be low; 
the clinical importance of this remains to be seen. 

In this study, a range of S. aureus clinical isolates were 
tested for their susceptibilities to triclosan and several 
antibiotics. Triclosan-induced bactericidal effects and leak- 
age of intracellular material were compared in a resistant 
strain, a sensitive strain and a mutant that had been selected 
for increased resistance to triclosan. The susceptibility of 
triclosan-resistant mutants to various antibiotics, compared 
with the sensitive parent strain, was determined, and the 
stability of the resistance phenotype tested. The effect of 
continuous exposure of a sensitive strain to a low concen- 
tration of triclosan was also examined in terms of changes 
to triclosan and/or antibiotic sensitivity. Finally, we trans- 
ferred plasmids encoding mupirocin resistance to a suscep- 
tible recipient in order to test whether triclosan resistance 
was encoded on these plasmids, as previously claimed. 7 

Materials and methods 

Bacterial strains and antibiotic susceptibility testing 

S. aureus clinical isolates Will, 9543 and 16565 were 
supplied by Dr E. G. M. Power of St Thomas' Hospital, 
London, UK. All other isolates were obtained from Mr 
Alan Paull of the University Hospital of Wales, Cardiff, 
UK. All isolates had been tested before receipt and those 
described as MRS A shown to be methicillin resistant. 
Antibiotic susceptibility was-tested by Stokes* disc diffus- 
ion method* 2 on_ nutrient agar (Oxoid, Basingstoke, UKX 

" with S. aureus NCTC 6571 as control. Discs used were" 
vancomycin 30 u,g, gentamicin 10 u-g, erythromycin- 15 u.g, 

v. penicillin 10 units, rifampicin 5 jxg, novobiocin 5 uVg , teico- 
planin 30 jxg, fusidic acid 5 u.g, tetracycline 30 u,g, methi- 
cillin 5. u,g, chloramphenicol 30 u.g, mupirocin 5 |mg and 

\Streptomycin 10 u,g. Nutrient agar was used as the culture 
medium, as it had been used in other studies with these 
organisms. However, no differences were observed in resist- 
ance patterns when DST agar (Oxoid) was used as the test 
medium. 

Determination of disinfectant MJCs 

MICs of triclosan (Ciba Geigy,' Manchester, UK), chlor- 
hexidine diacetate (Sigma, Poole, UK), cetylpyridinium 
chloride (BDH Chemicals, Poole, UK), triclocarban 
(Aldridge, Milwaukee, WI, USA) and dibromopropami- 
dine isethionate (Rhone-Poulenc Rohrer, Dagenham, UK) 
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were determined on nutrient agar plates containing a range 
of disinfectant concentrations. One microlitre of an over- 
night culture of the test organism (diluted 10-fold; cquiva- 
lent.to.c.5. x JXtf cfu/spot) was u sed to inoculate the surface 
of a nutrient agar plate, using a multipoint Inoculator 
(Denley, BillinghursL UK). Plates were incubated for 24 h 
at 37°C and the MIC taken as the lowest concentration that 
inhibited growth. Triclosan susceptibility was tested over 
. the concentration range 0-5 mg/L. 

Transfer of mupirocin resistan ce 

S. aureus clinical isolates 11777, 9543, 16565 and HLMR 
exhibit plasmid-cncoded high-level resistance to mupirocin 
(MIC > 250 mg/L) and were used as plasmid donors in 
transfer experiments. S. aureus RF2. which is sensitive to 
mupirocin but resistant to tetracycline, was used as the 
recipient organism. Donor and recipient bacteria were 
grown separately overnight in nutrient broth (Oxoid) at 
37 °C and then mixed in equal volumes. Two milliiitres of 
this mixture was then filtered through a 0.2 u.m cellulose 
nitrate filter. The filter was placed on the surface of DST 
agar, incubated for 18 h at 37 °C and then resuspended in 
2 mL of one-tenth strength nutrient broth. DST agar con- 
taining mupirocin 5 mg/L (a gift from SmithKline Bcecham, 
Betchworth, UK) and tetracycline 5 mg/L (Sigma) was used 
to isolate transconjugant bacteria (RF2 with mupirocin- 
resistancc plasmid). The MICs of triclosan, chlorhexidine, 
cetylpyridinium chloride, triclocarban and dibromopro- 
pamidine isethionate for the transconjugants were then 
determined. 

Isolation of triclosan-resistant mutan ts an d stability 
testing 

Absorbent 6 mm discs pre-soaked in triclosan 10 mg/L 
were placed on the surface of a nutrient agar plate seeded 
with an overnight culture of S. aureus NCTC 6571. After 
incubation for 48 h at 37°C, colonies that appeared within 
the zone of inhibition surrounding the disc were tested for 
x decreased triclosan susceptibility. The stability of this resist- 
ance was then examined by serial overnight subculturing in 
nutrient broth for 14 days, with MIC testing every 48 h. 

Determination of antibiotic MICs 1 

The MICs of vancomycin, penicillin, methicillin, erythro- 
mycin, gentamicin and tetracycline were determined using 
Etest strips (Cambridge Diagnostic Services, Cambridge, 
UK). An overnight culture of the test organism was used to 
seed the surface of a DST agar plate and. after incubation 
for 24 h at 37°C, results were interpreted according to the 
manufacturer's guidelines. The parent strain (NCTC 6571) 
and four triclosan-resistant mutants were tested to examine 
whether the triclosan resistance was associated with a 
decrease in antibiotic susceptibility. 
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Continuous exposure to triclosan at sub-MIC 
concentrations 

-To test the premise thatjrontinupus exppsureof bacteria to 
low concentrations of triclosan may result in organisms 
with decreased susceptibility to triclosan and antibiotics; 
5. aureus NCTC 6571 was grown overnight in nutrient 
broth containing triclosan 0.01 mg/L. Further subculturing 
was repeated on a daily basis, and the MICs of triclosan and 
a range of antibiotics were determined at intervals. 

Determination of potassium leakage 

Cultures were grown on the surface of a nutrient agar plate 
at 37°C for 24 h. Cells were then emulsified in 5 mL of 0.9% 
NaCl (Sigma), washed three times by centrifugation and 
resuspended in 100 mL of 0.9% NaCK with the appropriate 
concentration of triclosan, to give a bacterial concentration 
of 10 9 cfu/mL. At timed intervals, 10 mL was removed and 
filtered through a 0.2 u,m cellulose nitrate filter to remove 
cellular material. The potassium concentration in the 
supernatant was then measured using an atomic absorption 
spectrophotometer. As control experiments, cells were 
incubated in triclosan-free NaCl solution (negative con- 
trol) and treated with lysostaphin 100 mg/L (Sigma) for 
30 min at 30°C and heated at 100°C for 10 min (positive 
controls). 

Bactericidal effects of triclosan 

The effects of triclosan on stationary phase organisms, 
those in the exponential phase of growth and those from a 
non-growing culture were compared as follows. For the 
non-growing culture, reaction vessels were set up as with 
the potassium leakage protocol but with the final concen- 
tration of organisms adjusted to 10 7 cfu/mL At timed inter- 
vals, 1 mL samples were taken and added to 9 mL of a 
neutralizing solution (2% lecithin and 5% Tween 80, both 
from Sigma). Surface counts of cfu were performed after 
serial dilution in phosphate-buffered saline (PBS), pH 7.6 
l(Sigma). Plates were incubated at 37°C for 24 h. For the 
Jstationary phase culture, an overnight culture was added 
directly to 100 mL of triclosan-containing 0.9% NaCl solu- 
tion to give a concentration of 10 7 cfu/mL. For the expo- 
iinential phase culture, 1 mL of the overnight culture was 
; transferred into 9 mL nutrient broth and incubated for 4 h; 
:L mL was then added to the reaction vessel to give a con- 
centration of 10 7 cfu/mL. 



Results 

^Triclosan MICs and antibiotic resistance profiling 

|The MICs of triclosan and the antibiotic resistance profiles 
iilPra range of S. aureus clinical isolates are shown in Table 
^Triclosan MICs ranged between 0.025 and 1 mg/L (a 



40-fold difference between the most sensitive and most 
resistant strains). Several strains, such as 11777, 9543 and 
16565, showed resistance to a wide range of antibiotics and 
_^also„ exhibited Jo w-Jeye2 resistance to triclosan. However, 
other strains, such as MRSA 2 and 8, wliich were resistant 
to several antibiotics, were more susceptible to triclosan 
(MIC < 0.1 mg/L). 5. aureus 50440 was resistant only to 
penicillin, but had an elevated MIC of triclosan (1 mg/L). 

Transfer of mupirocin resistance 

Plasmids containing the determinant for mupirocin resis- 
tance were transferred from the donor strains 11777, 9543, 
16565 and HLMR to the recipient strain RF2 at frequencies 
of between 10"* and 10 5 . Decreases in susceptibility to 
triclosan or the other disinfectants, associated, with the 
acquisition of this plasmid, were not observed in any of 
the tranconjugants tested (20 from each donor-recipient 
mating). 

Stability of triclosan resistance in mutants 

5. aureus mutants with enhanced triclosan resistance 
(MICs 1 mg/L) were isolated using the disc diffusion 
technique. The MICs of triclosan for 10 of these mutants 
(Table II) were determined after propagating the colonies 
in medium with or without triclosan. The triclosan MIC for 
mutants TM1-5 (1 mg/L) was 40 times greater than that 
for the parent strain (0.025 mg/L). The MIC of 1 mg/L for 
mutants TM1, 2 and 3 was stable whether the cells were 
propagated in triclosan-containing or triclosan-free 
medium. The MICs for mutants TM6-9 were 0.075, 0.4 and 
0.4 and 1 mg/L, respectively. This resistance was lost when 
cells were grown in the absence of triclosan, indicating that 
it was unstable in the absence of a selective pressure. 
Mutant TM10 had a stable MIC of 0.75 mg/L. The stable 
triclosan-resistant mutants TM1, 2, 3 and 10 were sub- 
cultured daily in triclosan-free medium for 14 days. After 
this period, no reduction in MIC of triclosan was observed, 
indicating the stability of this resistance. 

MICs of antibiotics for triclosan-resistant mutants 

The MICs of vancomycin, methicillin, penicillin, erythro- 
mycin, gentamicin and tetracycline for the parent strain 
S. aureus NCTC 6571 and mutant strains TM1, 2, 3 and 
10 are shown in Table III. Enhanced resistance to triclosan 
in the mutant strains was not associated with an increase in 
MIC of any of the antibiotics tested, relative to their parent 
strain. 

Continuous exposure to triclosan (sub-MIC) 

The exposure of S. aureus NCTC 6571 or MRSA 7 to tri- 
closan at a sub-inhibitory concentration (0.01 mg/L) for 
1 month did not result in decreased susceptibility to tri- 
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Table I. MICs of triclosan and antibiotic resistance profiles for Staphylococcus aureus 

strains 



Staphylococcal strain Antibiotic resistance profile 



- Triclosan-MIG (mg/L)- 



NCTC6571 


_ 


0.025 


Sau3 


Fus, Gen, Rif 


0.025 


Sau2 


Fus, Str 


0.025 


RF2 


Pen, Tet, Str, Ery 


0.025 


MRSA2 


Pen, Met, Tet, Str, Ery 


0.075 


MRSA 3 


Pen, Met, Tet, Str, Ery 


0.1 


MRSA4 


Pen, Met, Gen, Tet, Str, Ery 


0.1 


MRSA 5 


Pen, Met, Tet, Str, Ery 


0.4 


MRSA 6 


Pen, Met, Ery 


0.1 


MRSA 7 , 


Pen, Met, Gen, Tet, Str, Ery , 


0.2 


MRSA 8 . 


Pen, Met, Tet, Str, Ery 


0.075 


MRSA 9 


Pen, Met, Tet, Str, Ery 


0.1 


MRSA 11 


Pen, Met, Gen, Ery 


0.075 


MRSA 12 


Pen, Met, Ery 


0.025 


MRSA 13 


Pen, Met, Ery 


0.075 


MRSA 15 


Pen, Met 


0.075 


MRSA 11777 


Pen, Met, Gen, Rif, Str, Ery, Mup 


0.5 


MRSA 9543 


Pen, Met, Gen, Rif, Str, Ery, Mup 


1 


MRSA 16565 


Pen, Met, Gen, Rif, Str, Ery, Mup 


1 


HLMR 


, Pen, Mup 


0.075 


Z60797 


_ 


0.025 


Z60815 


Ery , 


0.075 


Z60830 




0.025 


Z60836 


Pen 


0.1 


Z60710 


Pen 


0.1 


50434 


Pen 


0.025 


50440 


Pen 


1 


50256. 


Pen, Tet 


0.1 


50328 


Pen 


. 0.025 


50325 


Pen 


. 0.3 


50329 


Pen 


.0.1 


50332 




0.1 


50314 


Pen 


0.025 



Rry, erythromycin; Fus, fusidic acid; Gen, gentamicin; Mel, methicillin: Mup, mupiricin; Hen, penicillin G; 
Rif, rifampicin; Str, streptomycin; Tet. tetracycline. 



closan, vancomycin, methicillin, penicillin, erythromycin, 
gentamicin or tetracycline. 

Triclosan-induced potassium leakage and bactericidal 
effects 

Intracellular potassium leakage resulting from exposure of 
S. aureus NCTC 6571, MRSA 9543 and TM1 to various 
concentrations of triclosan is shown in the Figure. Strain- 
to-strain variations in the rate of potassium leakage were 
not evident at triclosan concentrations of 2, 7.5 or 15 mg/L, 
despite the different MTCs of the strains tested (0.025, 1 and 
1 mg/L, respectively). Triclosan-induced rate of kill, as 



judged by the recovery of surviving bacteria on solid agar 
after exposure to triclosan 7.5 mg/L (Table IV), also failed 
to reveal any significant differences between the three 
strains. This lack of correlation between MICs and bacteri- 
cidal efficacy was observed in all the strains tested. Table 
IV also shows the anti-staphylpcoccal activities of triclosan 
on exponentially growing cultures, compared with station- 
ary phase and non-growing cultures. It is clearly evident 
that the exponentially growing organisms are not more 
vulnerable to triclosan-induced loss of viability than non- 
growing organisms or those in the stationary phase. Similar 
results were obtained after exposure to triclosan 2 or 15 
mg/L (data not shown). 
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Table II, Triclosan MICs of Staphylococcus aureus mutants selected for increased* 
resistance to triclosan from strain NCTC 6571 (triclosan MIC 0.025 mg/L), determined 
after subculturing overnight in the presence or absence of triclosan and after repeated 
— _ -~ -subcultures in its absence . 



Triclosan-resistant 
mutant 

TM1 
TM2 
TM3 
TM4 
TM5 
TM6 
TM7 
TM8 
TM9 
TM10 



Overnight subculture 
with triclosan without triclosan 



1 
1 
1 
1 
1 

0.075 

0.4 

0.4 

r 

0.75 



1 
1 
1 
1 
1 

0.025 
0.025 
0.025 
0.025 
0.75 



Repeated subcultures 
in absence of triclosan 



1 
1 
1 

NT 
NT 
NT 
NT 
NT 
NT 
0.75 



NT, not tested. 



Table III. MICs (mg/L) of various antibiotics (determined using Etest strips) for S. aureus NCTC 6571 and mutants 

selected for increased triclosan resistance 



S. aureus strain 


Triclosan 


Vancomycin 


Methicillin 


Penicillin 


Gentamicin 


Erythromycin 


Tetracycline 


NCTC 6571 


0.025 


1 


1 


0.064 


0.38 


0.38 


0.25 


TM1 


1 


1.5 


1 


0.064 


0.38 


0.38 


0.25 


TM2 


1 


1.5 


1 


0.094 


0.38 


0.38 


0.19 


TM3 


1 


1.5 


1 


0.094 


0.38 


0.38 


0.25 


TM10 


0.75 


1.5 


1 


0.064 


0.19 


0.38 


0.19 



Table IV. Bactericidal activity of triclosan 7.5 mg/L on exponentially growing, stationary phase and non-growing 
cultures of S. aureus NCTC 6571, MRSA 9543 and triclosan-resistant mutant TM1 



Log 10 reduction in cfu after exposure to triclosan 7.5 mg/L 



S. aureus 



exponential phase 



stationary phase 



non-growing 



strain 


30 s 


5 min 


10 min 


20 min 


30 s 


. 5 min 


10 min 


20 min 


30 s 


5 min 


10 min 


20 min 


NCTC 6571 


0.05 


0.89 


1.74 


3.97 


0.10 


0.93 


1.82 


4.30 


0.14 


1.04 


1.65 


4.12 


MRSA 9543 


0.12 


0.94 


1.97 


4.17 


0.09 


1.04 


1.90 


4.05 


0.25 


1.03 


1.81 


4.14 


TMl 


0.14 


0.81 


1.68 


3.81 


0.00 


0.85 


1.69 


3.79 


0.05 


0.88 


1.91 


4.09 



Discussion 

Triclosan is being used in an increasing range of products 
and its use as a whole-body wash has played a valuable role 
U) the control of MRSA outbreaks. 13 either alone or in con- 
Junction with the application of mupirocin to the anterior 



nares of nasal carriers of MRSA. 1,14 Strains of S. aureus 
with low-level triclosan resistance (1-4 mg/L) have been 
isolated. 7 * 15 However, Bamber & Neal 8 have recently 
isolated hospital strains with MICs of up to 32 mg/L. They 
suggested that the final concentration of triclosan in tri- 
closan baths will be approximately 4-5 mg/L r lower than 
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Time (min) 



Figure. Triclosan-induccd potassium leakage from (a) 5. aureus 
NCTC 6571, (b) mcthicillin-resistant S. aureus 9543 and (c) TM1 
(triclosan-resistant mutant derived from NCTC 6571). Cultures 
were exposed to triclosan 15 (A), 7.5 (■) or 2 mg/L (♦). 



the MIC of some of the strains tested; this could result in 
a failure of triclosan baths to eradicate MRS A from the 
colonized patient. In our study, however, with 32 clinical 
isolates of S. aureus resistant to one or more antibiotics, the 
highest MIC observed was 1 mg/L, and the lowest 0.025 
mg/L for the most sensitive strains. The clinical significance 
of the low-level triclosan resistance seen in the majority of 
the strains tested is unknown. 

Mupirocin-resistant 5. aureus strains have also emerged, 
the determinant for which is carried on a transferable pi as- 
mid. Cookson et al? isolated MRS A strains that exhibited 
low-level resistance to triclosan (2-4 mg/L) from patients 
using mupirocin in addition to triclosan baths. This tri- 
closan resistance was shown to be transferable in association 
with the plasmid-mediated mupirocin resistance, although 
co-resistance to the disinfectants chlorhexidine, quaternary 
ammonium compounds, povidone iodide and acridine was 
not observed. The triclosan resistance could also be cured 
by incubation at 42°C, indicating that it was associated with 



the plasmid. It is possible that the intensive use of triclosan 
will result in an increased frequency of triclosan-resistant 
S. aureus. In view of this, it may be advisable routinely to 
test isolates for their triclosan^sensitivity ^asjs the case for 
mupirocin. 

It is thought that strains with decreased susceptibility to 
disinfectants may also be less susceptible to antibiotics, 16 
possibly because of common resistance mechanisms. The 
use of disinfectants might, in theory, select for strains resis- 
tant to antibiotics, and vice versa. Some of the strains that 
were resistant to numerous antibiotics also showed low- 
level resistance to triclosan, although there were excep- 
tions. In order to be able to draw any positive conclusions 
as to the potential of cross-resistance between triclosan and 
antibiotics, large-scale testing of isolates from various 
sources is required. 

Bamber & Neal 8 demonstrated that low-level triclosan 
resistance amongst S. aureus clinical isolates was observed 
in equal frequencies whether the organism was sensitive or 
resistant to methicillin. In addition, none of their isolates 
that exhibited mupirocin resistance had decreased suscep- 
tibility to triclosan. Similarly, we were unable to increase 
the resistance of 5. aureus to triclosan by the transfer 
of a plasmid encoding mupirocin resistance to triclosan- 
sensitive strains, in contrast to the work of Cookson etal. 7 

Three issues associated with triclosan use need to be 
considered in evaluating triclosan resistance; (i) the pres- 
ence of triclosan at low concentrations in the environment; 

(ii) an understanding of the mechanism(s) of triclosan 
resistance and how this influences the possible develop- 
ment of resistance to other biocides and to antibiotics; and 

(iii) an understanding of its mechanism of antibacterial 
action. 

Triclosan is known to be stable in the environment and 
may be present on surfaces at low concentrations when 
used as a disinfectant. There is concern that continuous 
exposure to low (sub-MIC) concentrations of triclosan may 
give rise to organisms with enhanced resistance to the dis- 
infectant and/or antibiotics. This concept remains to be 
demonstrated. The inability to develop enhanced resist- 
ance to triclosan in the present investigation is in agree- 
ment with other studies undertaken. 17 

Those strains that were selected for decreased sensitivity 
to triclosan did not exhibit any increase in resistance to the 
antibiotics vancomycin, methicillin, penicillin, gentamicin, 
erythromycin or tetracycline. However, this elevated tri- 
closan resistance was stable in six out of 10 mutants tested 
in the presence or absence of triclosan (acting as a selective 
pressure). This may have important clinical implications 
where the concentration of residual triclosan may vary on 
different surfaces over different periods of time. Attempts 
to isolate further mutants with even higher triclosan MICs 
failed. The clinical implications of low-level resistance to 
triclosan are unknown. 

Until recently triclosan has been regarded as a biocide 
with a range of cytoplasmic membrane and intracellular 
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target sites. One such target is the enzyme enoyl reductase, 
encoded by the Fabl gene in Escherichia co//. 1018 Enoyl 
reductase uses NADH to reduce double bonds during fatty 
acid elongation and thus is a major component of lipid 
synthesis. Backed by mutational and some biochemical 
analyses in E. coli and Mycobacterium smegmatis™ claims 
have been made that this is the sole target of triclosan 
in those organisms. 2,10 * 20 Heath et a/. 18 suggest that the 
observed perturbation to the cytoplasmic membrane arises 
indirectly as a consequence of the action of triclosan on this 
enzyme. If the sole target of triclosan is this enzyme 
involved in lipid synthesis, then should exponentially grow- 
ing organisms be more susceptible to it? This was not 
observed in this study where S. aureus was equally sensitive 
to triclosan whether in the exponential or stationary phase 
of growth. Furthermore, non-growing cells were inacti- 
vated to the same degree as cells in a growth medium. 
Alternatively, McDonnell & Pretzer 11 argue that, although 
enoyl reductase may be a major target, triclosan also has 
multiple target sites, primarily within the cytoplasmic 
membrane, that inhibit lipid, RNA and protein synthesis, 
and result in direct membrane damage and cell death. 
Triclosan-induced cytoplasmic membrane damage result- 
ing in the loss of intracellular potassium ions from washed 
suspensions of cells occurred at a similar rate in S. aureus 
NCTC 6571, TM1 arid MRS A 9543 despite the differences 
in their triclosan MICs (0.025, 1 and 1 mg/L, respectively). 
The lack of correlation between MICs and lethal effects 
has been demonstrated previously, 7,21 22 and is presumably 
a result of the mechanism of action of triclosan. Generally, 
antibiotics have single target sites and consequently 
increased MICs and reduced bactericidal effectiveness are 
linked. In contrast, biocides have multiple targets, and 
increased MICs often do not correlate with decreased bac- 
tericidal activities of that compound. 11 It appears that addi- 
tional triclosan-induced cellular changes are required to 
produce a bactericidal effect whether the staphylococcal 
strain is resistant or sensitive to triclosan as judged purely 
by the MICs. 23 

The presence of proton-dependent efflux pumps has 
been proposed as a possible mechanism of decreased 
susceptibility to biocides in E. coli 24 and Pseudomonas 
aeruginosa. 15 AcrAB, an efflux protein found in E. coli, is 
thought to prevent intracellular accumulation of bile but 
also protects against other compounds such as antibiotics. 
McMurry et al? A suggested that mutations at the acrAB 
locus may act synergically with mutations at other loci (e.g. 
Fabl), leading to decreased susceptibility to triclosan. 
Another proposed mechanism of resistance is cell wall 
permeability changes that prevent triclosan reaching its 
target site. P. aeruginosa has a complex cell envelope and 
exhibits intrinsic resistance to triclosan. S. aureus, on the 
other hand, has a less complex cell wall and is more sensi- 
tive. 26 

In many instances, triclosan is incorporated into prod- 
ucts (e.g. bath products) that have other ingredients, such 



as surfactants and chelators, that promote cell damage. 
These ingredients may also affect resistance by placing 
additional stress on the bacteria and so they must be criti- 
cally evaluated in~/>i~ vitro -tests -when -preparations other 
than pure compounds are being evaluated. The efficacy of 
antimicrobial products may depend on, and vary signifi- 
cantly with, the formulation used. 27 

The use of triclosan as a biocide will remain controver- 
sial until the mechanisms of resistance and the relative 
importance of low-level resistance in the environment are 
better understood. Surveys of the occurrence of resistance 
to disinfectants in natural settings are needed to determine 
whether there is a cause for public health concern. 
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